Abstract. Gallic acid (GA) has various biological effects including apoptosis. In this study, we investigated the effects of GA on human primary umbilical vein endothelial cells (HUVECs) in relation to cell growth, cell death, reactive oxygen species (ROS) and glutathione (GSH). Treatment with 200 or 400 µM GA inhibited the growth of HUVECs at 24 h and induced cell death, which was accompanied by the loss of mitochondrial membrane potential (MMP; ∆Ψm). GA decreased or increased ROS levels including O 2
Introduction
Gallic acid (GA) as a polyhydroxylphenolic compound is commonly distributed in various plants, fruits and foods (1) and is very well absorbed in humans (2) . Various biological activities of GA have been reported, including antibacterial (3), antiviral (4) and anti-inflammatory effects (5) . GA has been shown to be selectively cytotoxic against a variety of cancer cells such as, prostate (6) , lung (7) (8) (9) , gastric, colon, breast, cervical and esophageal cancer (10, 11) . Apoptosis induced by GA is associated with oxidative stresses derived from reactive oxygen species (ROS), mitochondrial dysfunction and an increase in intracellular Ca 2+ level (12, 13) . Controversially, GA has been reported to have both pro-oxidant and antioxidant properties depending on iron or hydrogen peroxide (H 2 O 2 ) in medium and plasma (14, 15 ) and hydroxyl radical (
• OH) regulate many important cellular procedures including transcription factor activation, gene expression, differentiation and cell proliferation (16, 17) . ROS are formed as by-products of mitochondrial respiration or by the action of certain oxidases (18) . A change in the redox state of the tissue and cell implies an alteration in the generation or metabolism of ROS. The main metabolic pathways include superoxide dismutase (SOD), expressed as extracellular, cytoplasmic and mitochondrial isoforms (19) , which metabolize O 2
•-to H 2 O 2 . Further metabolism by peroxidases, include catalase and glutathione (GSH) peroxidase, yields O 2 and H 2 O (20) . Cells have antioxidant systems to manage the redox state, which is important for their survival. Excessive production of ROS leads to death in various cell types (21, 22) .
Vascular endothelial cells (ECs) are implicated in diverse regulatory responsibilities such as vascular permeability for gases and metabolites, vascular smooth muscle tone, blood pressure, blood coagulation, inflammation and angiogenesis (23) . The vascular endothelium can experience widespread degrees of oxidative stress, ultimately leading to endothelial dysfunction in cardiovascular diseases via the initiation of EC apoptosis (24) . Additionally, angiogenesis involving configuration of new blood vessels from pre-existing vasculature is a crucial event for the transition of tumors from a latent to a malignant state. In spite of the vital role of vascular ECs in tumor biogenesis and progression, the effects of GA on EC death is not completely understood in relation to ROS and GSH. Therefore, it is valuable to elucidate the toxicological mechanisms of GA in human primary ECs.
Previously, we demonstrated that GA reduces the growth of human umbilical vein endothelial cells (HUVEC) with an IC 50 of approximately 400 µM GA at 24 h and induced the death of these cells (11) . In the present study, we assessed the effects of GA on ROS and GSH levels in GA-treated HUVECs and investigated the effects of NAC (a well known antioxidant) or BSO, an inhibitor of GSH synthesis (25) , on GA-treated HUVEC, in relation to cell growth, cell death, ROS and GSH levels.
Materials and methods
Cell culture. Primary HUVECs from PromoCell GmbH (Heidelberg, Germany) were maintained in a humidified incubator containing 5% CO 2 at 37˚C. HUVECs were cultured in a complete endothelial cell growth medium (ECGM, PromoCell) with 2% fetal bovine serum (FBS). HUVECs were grown in 100-mm plastic tissue culture dishes (Nunc, Roskilde, Denmark). HUVECs were washed and detached with HEPES-BSS (30 mM HEPES), trypsin-EDTA and trypsin neutralization solution (PromoCell). HUVECs were used between passages 4 and 8. at 100 mM as a stock solution. BSO was dissolved in water at 100 mM as a stock solution. Based on the previous experiment (26) , cells were pretreated with Z-VAD, NAC or BSO for 1 h prior to treatment with GA. Ethanol (0.2%) and DMSO (0.3%) were used as a control vehicle.
Growth inhibition assay. The cell growth inhibition effects of drugs were determined by measuring the 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich Chemical Co.) dye absorbance by living cells as previously described (27) . In brief, 3x10 4 cells/well were seeded in 96-well microtiter plates (Nunc) for the MTT assay. After exposure to the indicated amounts of GA with or without Z-VAD, NAC or BSO for 24 h, 20 µl of MTT solution [2 mg/ml in phosphate-buffered saline (PBS)] were added to each well of 96-well plates. The plates were additionally incubated for 4 h at 37˚C. Media in plates were withdrawn by pipetting, and 200 µl of DMSO was added to each well to solubilize the formazan crystals. Optical density was measured at 570 nm using a microplate reader (SpectraMAX 340, Molecular Devices Co., Sunnyvale, CA).
Annexin V staining for cell death detection. Apoptosis was determined by staining cells with Annexin V-fluorescein isothiocyanate (FITC) (Ex/Em = 488 nm/519 nm), Pharmingen, San Diego, CA; and propidium iodide (PI; Sigma-Aldrich; Ex/Em = 488 nm/617 nm). In brief, 1x10 6 cells in a 60-mm culture dish (Nunc) were incubated with the indicated amounts of GA with or without Z-VAD, NAC or BSO for 24 h. Cells were washed twice with cold PBS and then resuspended in 500 µl of binding buffer (10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) at a concentration of 1x10 6 cells/ml. Five microliters of Annexin V-FITC and PI (1 µg/ml) were then added to these cells, which were analyzed with a FACStar flow cytometer (Becton-Dickinson). Viable cells were negative for both PI and Annexin V. Apoptotic cells were positive for Annexin V and negative for PI, whereas late apoptotic dead cells displayed both high Annexin V and PI labeling. Non-viable cells, which underwent necrosis, were positive for PI and negative for Annexin V.
Measurement of MMP (∆Ψm)
. MMP (∆Ψm) levels were measured using rhodamine 123 fluorescent dye (SigmaAldrich Chemical Co.; Ex/Em = 485 nm/535 nm) as previously described (28) . In brief, 1x10 6 cells in a 60-mm culture dish (Nunc) were incubated with the indicated amounts of GA with or without Z-VAD, NAC or BSO for 24 h. Cells were washed twice with PBS and incubated with rhodamine 123 (0.1 µg/ml) at 37˚C for 30 min. Rhodamine 123 staining intensity was determined by flow cytometry (Becton-Dickinson). An absence of rhodamine 123 from the cells indicated the loss of MMP (∆Ψm) in HUVEC.
Detection of intracellular ROS levels. Intracellular ROS levels were detected by means of an oxidation-sensitive fluorescent probe dye, 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Ex/Em = 495 nm/529 nm; Invitrogen Molecular Probes, OR; ) (29) . As H 2 DCFDA is poorly selective for O 2
•-, dihydroethidium (DHE, Ex/Em = 518 nm/605 nm; Invitrogen Molecular Probes), which is highly selective for O 2
•-, was used for its detection. In brief, 1x10 6 cells in a 60-mm culture dish (Nunc) were incubated with the indicated amounts of GA with or without Z-VAD, NAC or BSO for 24 h. Cells were then washed in PBS and incubated with 20 µM H 2 DCFDA or DHE at 37˚C for 30 min. Dichlorofluorescein (DCF) and dihydroethidium (DHE) fluorescence was detected using a FACStar flow cytometer (Becton-Dickinson). ROS and O 2
•-levels were expressed as mean fluorescence intensity (MFI), which was calculated by the CellQuest software (Becton-Dickinson).
Detection of the intracellular glutathione levels. Cellular glutathione (GSH) levels were analyzed using 5-chloromethylfluorescein diacetate (CMFDA, Invitrogen Molecular Probes; Ex/Em = 522 nm/595 nm) as previously described (29) . In brief, 1x10 6 cells in a 60-mm culture dish (Nunc) were incubated with the indicated amounts of GA with or without Z-VAD, NAC or BSO for 24 h. Cells were then washed with PBS and incubated with 5 µM CMFDA at 37˚C for 30 min. Chloromethylfluorescein (CMF) fluorescence intensity was determined using a FACStar flow cytometer (Becton-Dickinson). Negative CMF staining (GSH depleted) cells were expressed as the percent of (-) CMF cells.
Statistical analysis.
The results represent the mean of at least three independent experiments (mean ± SD). The data were analyzed using Instat software (GraphPad Prism4, San Diego, CA). The Student's t-test or one-way analysis of variance (ANOVA) with post-hoc analysis using the Tukey's multiple comparison test was used for parametric data. Statistical significance was defined as P<0.05.
Results

Effects of Z-VAD, NAC or BSO on cell growth in GA-treated
HUVECs. We examined the effect of Z-VAD, NAC or BSO on the growth of GA-treated HUVEC using an MTT assay. Treatment with 200 and 400 µM GA inhibited the growth of HUVEC about 20 and 70% at 24 h, respectively (Fig. 1) . Treatment with 15 µM Z-VAD, 2 mM NAC or 10 µM BSO alone did not strongly modify the growth of control HUVECs at 24 h (Fig. 1) . In addition, Z-VAD did not affect HUVEC growth inhibition of 200 or 400 µM GA (Fig. 1) . However, both NAC and BSO significantly enhanced the growth inhibition of HUVEC by GA (Fig. 1) .
Effects of Z-VAD, NAC or BSO on cell death and MMP
(∆Ψm) in GA-treated HUVECs. Next, we determined whether GA induces cell death in HUVECs. As shown in Fig. 2A and B, the numbers of Annexin V-staining cells in GA-treated HUVEC were dose-dependently increased at 24 h. Treatment with 400 µM GA also increased the numbers of necrotic cells (PI + and Annexin V-FITC -cells) ( Fig. 2A and C) . Neither Z-VAD, NAC or BSO alone significantly induced control HUVEC death (Fig. 2) . Z-VAD did not change the numbers of Annexin V-staining cells in GA-treated HUVECs ( Fig. 2A and  B) . Both NAC and BSO significantly intensified the increased numbers of Annexin V-staining cells by GA ( Fig. 2A and B) . The strong effect was shown in HUVEC co-treated with 200 µM GA and NAC ( Fig. 2A and B) . Interestingly, NAC and BSO induced necrotic cell death in HUVECs treated with 200 µM GA ( Fig. 2A  and C) . NAC also significantly enhanced the increased numbers of necrotic cells by 400 µM GA ( Fig. 2A and C) .
In addition, GA dose-dependently triggered the loss of MMP (∆Ψm) in HUVEC (Fig. 3) . Neither of Z-VAD, NAC or BSO alone induced the MMP (∆Ψm) loss in HUVEC, compared to the GA-untreated control HUVEC (Fig. 3) . While Z-VAD did not significantly affect the loss of MMP (∆Ψm), both NAC and BSO enhanced this loss in the GA-treated HUVECs (Fig. 3) .
Effects of Z-VAD, NAC or BSO on ROS and GSH levels in GA-treated HUVECs.
We assessed whether ROS and GSH levels in GA-treated HUVECs were altered by Z-VAD, NAC or BSO treatment at 24 h. ROS (DCF) levels such as H 2 O 2 was increased in 200 µM GA-treated HUVECs, but was decreased in 400 µM GA-treated HUVECs (Fig. 4A and  C) . NAC did not reduce the basal level of ROS in HUVECs, and BSO increases the ROS level (Fig. 4C) . Both Z-VAD and BSO did not significantly alter the ROS (DCF) levels in GA-treated HUVECs whereas NAC strongly decreased them ( Fig. 4A and C) . Red fluorescence derived from DHE reflecting intracellular O 2
•-levels was not altered in the 200 µM GA-treated HUVECs but was strongly increased in the 400 µM GA-treated HUVECs (Fig. 4B and D) . Z-VAD did not alter the O 2
•-levels of GA-treated HUVECs ( Fig. 4B  and D) . Interestingly, NAC strongly increased O 2
•-levels in the 200 or 400 µM GA-treated HUVECs, and BSO also increased those in the 200 µM GA-treated HUVECs (Fig. 4B and D) . GA dose-dependently increased the number of GSH-depleted cells in HUVECs (Fig. 5) . Z-VAD did not affect GSH depletion in GA-treated HUVECs (Fig. 5) . NAC and BSO significantly enhanced the increased numbers of GSH depleted cells by GA and a strong effect was shown in NAC-treated HUVECs (Fig. 5) .
Discussion
In the present study, we focused on evaluating the effects of GA on the death of HUVECs in relation to ROS and GSH. Treatment with 200 and 400 µM GA inhibited the growth of HUVECs by about 20 and 70% at 24 h, respectively. This result was similar to the report that GA shows lower cytotoxicity against normal fibroblast and endothelial cells than against cancer cells (30, 31) . We also observed that GA inhibited the growth of HeLa cervical cancer cells, Calu-6 and A549 lung cancer cells and the doses of IC 50 were between 30-150 µM (9,11). Although we do not explain the reason of this different susceptibility, Isuzugawa et al suggested that the different susceptibilities to GA can depend on the catalase contents of each cell (32) .
GA is reported to induce apoptosis in prostate cancer cells via mitochondrial dysfunction (13) . Likewise, GA induced apoptosis in HUVECs as evidenced by Annexin V staining, and triggered the loss of MMP (∆Ψm). However, Z-VAD did not affect HUVEC death and MMP (∆Ψm) loss of GA. In addition, 400 µM GA increased the numbers of necrotic cells (PI + and Annexin V-FITC -cells). These results suggest that GA seemed to inhibit the growth of HUVECs via caspaseindependent apoptosis and/or necrosis.
GA has both pro-oxidant and antioxidant properties (14, 15) . Increasing evidence suggests that apoptosis induced by GA is associated with oxidative stresses derived from ROS (12, 13, 33) . According to our results, ROS (DCF) levels such as H 2 O 2 were increased by 200 µM GA-treated HUVECs. However, 400 µM GA showing an apoptotic effect decreased the ROS levels. In contrast, 200 µM GA did not after the O 2
•-levels in HUVECs, whereas 400 µM GA significantly increased the O 2
•-level. These results suggest that GA can affect different ROS levels depending on the incubation doses. NAC showing the reduction of ROS (DCF) level in GA-treated HUVEC intensified the growth inhibition, cell death and MMP (∆Ψm) loss in these cells. However, NAC strongly increased the O 2
•-level in these cells. Although NAC decreased the ROS (DCF) levels in GA-treated HUVECs, NAC acted as a pro-oxidant in increasing the O 2
•-level, thus intensifying HUVEC death. Treatment with BSO showed enhanced effects on the growth inhibition, cell death and MMP (∆Ψm) loss of GA, and it did not significantly alter the ROS (DCF) level in GA-treated HUVECs but increased the O 2
•-level in HUVECs treated with 200 µM GA rather than 400 µM GA. Similarly to the results in O 2
•-levels, both NAC and BSO induced necrotic cell death in 200 µM GA-treated HUVECs. NAC but not BSO also enhanced the increased numbers of necrotic cells of 400 µM GA. Taken together, these results suggest that the alteration of ROS levels by GA is not closely related to HUVEC death, but O 2
•-levels among ROS are involved in HUVEC necrotic cell death. The exact roles of ROS in GA-induced HUVEC death need to be further defined.
It has been reported that the intracellular GSH content has a decisive effect on anticancer drug-induced apoptosis, indicating that apoptotic effects are inversely comparative to GSH content (34, 35) . Likewise, GA increased the number of GSH depleted cells in HUVECs. Z-VAD did not affect GSH depletion in GA-treated HUVECs. In addition, NAC increased cell death in GA-treated HUVECs significantly increasing the numbers of GSH-depleted cells. Although it is known that NAC containing a thiol group is a GSH precursor, NAC in this study did not act as a GSH precursor. In contrast, we recently demonstrated that NAC significantly prevented GSH depletion in propyl gallate-treated HeLa cervical cancer cells (26) . Therefore, NAC may be considered a GSH precursor, depending on the co-incubated agents or cell types. In addition, BSO significantly increased the number of GSH depleted cells in GA-treated HUVEC. Therefore, these results supported the notion that apoptotic effects are inversely comparative to GSH content.
In conclusion, GA inhibited the growth of HUVECs via apoptosis and/or necrosis. The changes of ROS and GSH levels by NAC and BSO affected cell growth and death in GA-treated HUVECs. 
